Coherent Quantum Oscillations in a Silicon Charge Qubit 
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We report coherent oscillations in a charge qubit formed in a top-gated Si/SiGe double quantum 
dot. We observe Rabi oscillations (x-rotations on the Bloch sphere) between the (2,1) and (1,2) 
charge states, with a figure of merit (number of oscillations per T 2 * coherence time) of 10 at the 
charge degeneracy point, where T 2 * is 2.1 ns. Unlike previous measurements of charge qubits in 
quantum dots, the longest T 2 * of 3.7 ns is found away from the charge degeneracy point; this feature 
arises from an anticrossing between the (2,1) ground state and a (1,2) excited state, indicating that 
internal structure of the quantum dots can be used to enhance coherence. In this regime we find 
a figure of merit of 37. We also observe Ramsey fringes (z-rotations on the Bloch sphere) and use 
them to extract a T 2 of 179 ps at detunings away from any protective energy level structure. 



Fast, coherent oscillations can be performed using 
qubits based on charge, as demonstrated in super- 
conducting circuits [1, 2] and semiconductor quantum 
dots [3, 4]. Charge states, however, have relatively fast 
decoherence [4, 5]. Spin qubits offer much longer coher- 
ence, and spins in silicon-based structures have especially 
long spin coherence times, because of the predominance 
of spin-zero nuclear isotopes and relatively weak spin- 
orbit coupling [6-8]. Recent experiments have demon- 
strated coherent quantum oscillations of singlet-triplet 
spin qubits in Si/SiGe [9] with substantially longer in- 
trinsic spin T 2 * times than singlet-triplet qubits in GaAs 
heterostructures [10-12]. However, because fast manip- 
ulation of semiconductor spin qubits relies on transient 
mixing of spin degrees of freedom with charge degrees of 
freedom (either through spin-orbit coupling [13] or the 
exchange interaction [14]), charge coherence determines 
the ultimate fidelity of spin qubits [14-19]. Methods to 
extend charge coherence will enhance the ability to per- 
form high fidelity manipulation of spin qubits. 

Here, we demonstrate coherent control and measure 
the rates of dephasing of fast oscillations of a charge qubit 
in a Si/SiGe double quantum dot between the (2,1) and 
(1,2) charge states. Rabi oscillations with a figure of 
merit (number of oscillations per T| time) of 10 are mea- 
sured at the charge degeneracy point, where the decay 
time T 2 * of the oscillations is 2.1 ns. In sharp contrast 
to previous measurements of charge qubits [1-5], we find 
an enhanced T 2 * away from the charge degeneracy point, 
which we show arises because of the internal structure 
of the right quantum dot. A low-lying excited state of 
the (1,2) charge configuration anticrosses with the (2,1) 
ground state, leading both to quantum interference be- 
tween the (1,2) ground and excited states and to oscil- 
lations in the state of the charge qubit. In this regime 
we find T 2 * = 3.7 ns and a figure of merit of 37. To 
probe oscillations about an orthogonal axis on the Bloch 
sphere we use a two-pulse sequence to observe Ramsey 
fringes. Away from any protective energy level structure 
the Ramsey fringes reveal a charge T 2 time of 179 ps. 



A scanning electron microscope image of a device iden- 
tical to the one measured in the experiment is shown 
in Fig. 1(a). The double quantum dot used here was 
fabricated in a Si/SiGe heterostructure as described in 
Refs. [20, 21]. Changes in the charge states of the left 
and right dots are observed through measurements of the 
current Iqpc through the nearby charge sensing quantum 
point contact (QPC), as shown in Fig. 1(a). The stability 
diagram in Fig. 1(b) shows the QPC transconductance 
Gl = <9/qpc/<9Vl, measured using a lock-in amplifier, 
as a function of the voltages on gates L and PR. Using 
magnetospectroscopy [22], we have determined that the 
white polarization line is where the effective charge state 
of the double dot changes between (2,1) and (1,2). 

Near the charge degeneracy point, at which the ener- 
gies of the (2,1) and (1,2) states are equal, the system is 
well-described by the Hamiltonian of a two-state system: 

where A is the tunnel coupling between the two states 
and s is the detuning, the energy difference between the 
two states in the absence of tunnel coupling. Coherent os- 
cillations between the two charge states can be observed 
when the detuning e is changed abruptly. For example, 
just after the detuning is increased suddenly from a large 
negative value to e = 0, as shown in Fig. 1(e), the sys- 
tem Hamiltonian H = A<j x , with the initial wavefunction 
being a position eigenstate. Subsequently, the system os- 
cillates between the two position eigenstates at the Rabi 
angular frequency 2 A/ft. More generally, suddenly in- 
creasing the detuning e to a larger value e' induces os- 
cillations at the angular frequency = \J e' 2 + 4A 2 /ft; 
as one moves away from the polarization line, the oscil- 
lations increase in frequency and decrease in amplitude. 

To observe Rabi oscillations, the tunnel coupling be- 
tween the quantum dots must be tuned appropriately, 
which we do by changing the voltage on gate T un- 
til the polarization line is broadened slightly more than 
the electron temperature, which we have measured to be 
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FIG. 1. (a) SEM image of a device identical to the one used 
in the experiment. The charge state of the double dot was 
determined by measuring the current through the quantum 
point contact (QPC). Voltage pulses are applied to gate L. 
(b) Stability diagram of the double dot with effective charge 
occupations labeled. The transconductance Gl = <9/qpc/$Vl 
is shown as a function of the two gate voltages VL and Vpr; 
the lines in the diagram correspond to changes in the double 
dot charge occupation. The polarization line is white, and 
corresponds to a change in the effective electron occupation 
from (2,1) to (1,2). (c) Stability diagram in the presence 
of a pulsed voltage applied to gate L. (d) Charge resonance 
positions as a function of pulse amplitude. As expected for 
Rabi oscillations, the displacement in Vl of the peaks from the 
polarization line increases as the pulse amplitude V p increases, 
(e) Diagram of energy levels versus detuning, showing the 
expected anticrossing of the (2,1) - (1,2) charge transition. 
The red arrow shows the effect of an applied voltage pulse 
with the dc detuning and pulse amplitude chosen to place the 
peak of the pulse at s = 0. (f) Bloch sphere of the charge 
qubit. The red arrow indicates a 7r-rotation about the x-axis. 



T e = 143 ± 10 mK [21]. This value corresponds to a 
tunnel rate > 3 GHz [23], a quantity we measure more 
precisely below based on the observed Rabi oscillation 
frequency. As indicated schematically in Fig. 1(a), pulsed 
voltages are applied to gate L through a bias tee using a 
commercial pulse generator (Agilent 81134A). Fig. 1(c) 
shows the measured stability diagram in the presence of 
a 580 mV pulse (which after attenuation in the coax path 
is calibrated to be 3.82 mV on gate L) of duration 500 ps 
applied at a repetition rate of 40 MHz. A series of reso- 



nances parallel to the polarization line are clearly visible, 
corresponding to partial time-averaged occupation of the 
(1,2) charge state in the region in which the (2,1) charge 
state is the ground state. Fig. 1(d) shows a measurement 
of Gl along the red line in Fig. 1(c) in the presence of a 
voltage pulse of width 375 ps with varying amplitude Vp. 
The positions of the resonances visible in Fig. 1(c) shift 
linearly with pulse amplitude, providing evidence that 
the oscillations result from pulsing the (2,1) charge state 
non-adiabatically into the vicinity of the charge-state an- 
ticrossing. Both the angle and the rate of rotation on the 
Bloch sphere (Fig. 1(f)) depend on the proximity of the 
pulse peak to the charge anticrossing, which varies as a 
function of Vl, resulting in oscillations in the measured 

Figure 2(a) shows Rabi oscillations between the (2,1) 
and (1,2) charge states: the transconductance Gl is plot- 
ted as a function of the duration of the pulse and of the 
voltage Vl, which determines the distance of the detun- 
ing from the polarization line. Oscillations of the signal 
are apparent out to several nanoseconds, and the oscilla- 
tion frequency is faster towards the bottom of Fig. 2(a), 
where the detuning e at which the Rabi precession is oc- 
curing is largest. The coherence time is longest when the 
oscillations are fastest, with more than 40 well-defined 
oscillations present in Fig. 2(a). 

To characterize the oscillations quantitatively, we inte- 
grate the data presented in Fig. 2(a) from top to bottom 
to calculate the total change in dot charge, calibrated by 
using the fact that the total charge transferred across the 
polarization line is one electron, and we smooth by aver- 
aging over three adjacent pixels. The vertical axis is con- 
verted to £ p , the detuning value at the peak of the pulse, 
by noting that the main, slowest oscillation corresponds 
to e p = 0, and by fitting the change in frequency as a 
function of Vl for small positive e p . Fig. 2(c-e) present 
the resulting gray-scale images; Fig. 2(g-i) show line cuts 
through the corresponding plots, revealing clear oscilla- 
tions of the average charge as a function of time. By 
fitting the amplitude of these oscillations to exponential 
decays, we extract a dephasing time T 2 * of 2.1 ±0.4 ns at 
£ p = and, intriguingly, of 3.7±0.6 ns when e p = 59 fieV. 
This increase in coherence time for e > yields a T 2 * that 
is substantially longer than the value of ~ 0.3 ns mea- 
sured by Petersson et al. [4] in a GaAs charge qubit far 
away from its charge degeneracy point. We return to a 
discussion of this increase below. 

We now demonstrate coherent rotations of the qubit 
about the z-axis of the Bloch sphere by performing a 
Ramsey fringe experiment [24, 25] using the procedure 
illustrated in Fig. 3(a). First, a pulse is applied that 
rotates the Bloch vector around the x-axis by an angle 
57r/2, rotating it from being along z to along y (we use 
a 57r/2 pulse of amplitude 400 mV and duration 300 ps 
instead of a tt/2 pulse because of the difficulty of creating 
high-quality pulses as short as 60 ps). After a variable 
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FIG. 2. (a) Differential conductance Gl of the charge-sensing quantum point contact as a function of pulse duration t p and 
gate voltage Vl for pulses of amplitude V p = 800 mV (5.27 mV on gate L). The signal oscillates as the duration of the pulses is 
increased, with a frequency that is a minimum when the pulse takes the state of the system to the polarization line (detuning 
s = 0). The decoherence time T 2 * that governs the decay of the oscillations is longer at larger detunings. (b) Simulation of the 
Rabi oscillations as described in the main text, (c-e) Integration of the differential conductance shown in (a) yields the average 
charge state of the dot as a function of e p , as described in the text. The Rabi oscillations arising from the anticrossing of the 
(2,1) and (1,2) ground states is clearly visible at e p = 0. The data are acquired as a series of vertical sweeps, and in panals 
(c-e) each such sweep is offset to compensate for the increasing pulse duration with increasing t p , so that the reference voltage 
Vl and thus e p is independent of t p . The data in all three subpanels are smoothed by averaging over three diagonally adjacent 
pixels, (f) Energy level diagram showing two nearby anticrossings, as described in the main text, (g-i) Line cuts at two values 
of Vl indicated by the red and blue dashed lines in (c). The Rabi frequency is larger at larger detuning, as expected. The 
coherence time governing the decay of the oscillations is longer at nonzero detuning than when the detuning is zero. Because 
the Rabi frequency and the coherence time both increase as the detuning is increased, the number of observed oscillations is 
largest at large detuning, with 42 oscillations clearly apparent in (a). 



time, during which the system evolves at the base value 
of the detuning, a second pulse is applied that rotates 
the state about the x-axis on the Bloch sphere by 5tt/2. 
The charge measured at the end of this process oscillates 
as a function of the time between the two 5tt/2 pulses at 
a frequency / = \/e 2 + 4A 2 //i, where e is the detuning 
in the absence of the pulse. Fig. 3(b) shows the dif- 
ferential conductance Gl measured through the charge 
sensor for a pulse amplitude of 400 mV (2.64 mV on gate 
L) as a function of the gate voltage Vl and r, the time 
between the start of the first and second 5tt/2 pulses, 
with a repetition rate of 40 MHz. For very short r, the 
57r/2 pulses overlap and one is essentially performing a 
Rabi oscillation experiment. At r ^ 300 ps (red dashed 



box in Fig. 3(c)) the time interval between the end of 
the first 5tt/2 pulse and the start of the second becomes 
nonzero, and the oscillations that are observed reflect 
the rotation of the Bloch vector between the two pulses. 
We have verified that the temporal period of the Ramsey 
fringes decreases if we decrease the detuning at which the 
Ramsey precession occurs (data not shown). To analyze 
these data quantitatively, we again integrate the differen- 
tial conductance and normalize by noting that the total 
charge transferred across the polarization line is one elec- 
tron (Fig. 3(c)). Fig. 3(d) shows a cut through the inte- 
grated data at the value of Vl marked by the blue arrow. 
After subtraction of a smooth background (smooth gray 
curve in Fig. 3(d)), the resulting oscillating curve is fit 
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FIG. 3. (a) Schematic of the Ramsey fringe experiment that 
demonstrates coherent control of oscillations about the z-axis 
of the Bloch sphere. A 5ty/2 pulse of duration 300 ps is 
applied to rotate the qubit Bloch vector around the x-axis 
into the x — y plane. The system then evolves for a variable 
time r, and a second 5tt/2 pulse is then applied. The os- 
cillations observed as a function of the time between pulses 
reflect the rotation of the Bloch vector in the x — y plane, 
(b) Differential conductance through the QPC as a func- 
tion of the gate voltage Vl and of the pulse delay r. The 
two pulses overlap for r < 300 ps; oscillations are observed 
for r > 300 ps, corresponding to Ramsey fringes arising 
from the rotation of the state about the z-axis of the Bloch 
sphere, (c) Integrated transconductance, normalized by not- 
ing that the total charge transferred across the polarization 
line is one electron. Red dashed box shows the location of 
the Ramsey fringes, (d) Blue: Line cut of the data in (c) 
at the detuning marked by the blue arrow. Gray: Smooth 
background that is subtracted from the line cut before fit- 
ting the data to a damped sinusoidal form, (e) Blue: data 
from (d) with background subtracted. Red: fit to the form 
Aexp( — (t — to) 2 /T 2 * 2 ) cos(cj£ + 0) + C, which yields a value 
for the decoherence time T 2 * of 179 ps. 



to the product of a cosine function and a Gaussian. This 
procedure yields T 2 * = 179 ± 18 ps, substantially longer 
than the value of 60 ps obtained by measuring Ramsey 
fringes for a GaAs charge qubit and using a similar fit- 
ting procedure [25]. Calculations following the methods 
of Ref. [26] show that the charge dephasing rate in GaAs 
from polar optical phonons is of order 1 GHz, whereas 
similar calculations for phonon-induced charge dephas- 
ing in Si yield values of order 0.5 MHz. Thus, in both 
materials, and particularly in Si, improvements may be 
possible through a reduction of excess charge noise. 

We now return to the increase in the coherence time 
T% of the Rabi oscillations for e p > 0. This behavior is in 
sharp contrast to the results that have been obtained for 
charge qubits in GaAs semiconductor quantum dots and 
in superconducting charge qubits [4, 5]. Moreover, such 
an increase in T 2 * with increasing e p is generally unex- 
pected, because the qubit is well protected from charge 
noise — that is, from environmental noise in the detuning 
e — at the "sweet spot" corresponding to s p = 0. The 
data of Fig. 2(c-e) contain an important clue to the origin 
of this behavior: the Rabi oscillations at larger detuning 
are faster than those near e p — 0, yet the increase in 
Rabi frequency seems to saturate at about e p = 50 fieV. 
In fact, the Rabi oscillations appear as an approximately 
parallel series of lines from s p = 50 to 100 /ieV. 

The long-lived Rabi oscillations at large e p can be ex- 
plained by the presence of an anticrossing between the 
(2,1) ground state G(2,l) and the (1,2) excited state 
E(l,2), as shown in Fig. 2(f). The effect of this sec- 
ond anticrossing is shown in the theoretical simulation 
plotted in Fig. 2(b), which makes use of the following 
parameters (as defined in the figure): tunneling am- 
plitude Ai = 11.2 /ieV (determined directly from the 
Rabi oscillation period at e = 0), tunneling amplitude 
A 2 = 14.5 /ieV, detuning difference Se = 45 /ieV, and a 
voltage pulse rise time of 80 ps (from the specifications 
of the Agilent 8 1134 A pulse generator). Dephasing is in- 
corporated phenomenologically as described in Ref. [26]; 
additional details about the simulations and the choice 
of parameters are in the supplementary material. 

The second anticrossing has two effects. First, Rabi os- 
cillations at the anticrossing between G(2,l) and E(l,2) 
lead to small distortions in both the measured and simu- 
lated oscillation patterns at small, positive e p ; these are 
easily visible in the simulation shown in Fig. 2(b) and can 
be found in the data at the right side of Fig. 2(c). More 
importantly, because the inverse rise time of the pulse is 
comparable to Ai and A 2 , for large e p the voltage pulse 
takes the state G(2,l) into a superposition of G(l,2) and 
E(l,2) — that is, the transition through the two anti- 
crossings is not fully abrupt. These two states G(l,2) 
and E(l,2) accumulate phase at different rates, leading 
to oscillations at the frequency Jqe — ^Se/h. Thus, the 
long-lived coherent oscillations at large e p — the parallel 
lines in Fig. 2(c-e) the range £ p = 50 to 100 /ieV — arise 



5 



from the interference between states G(l,2) and E(l,2). 
The energies of these states have the same dependence on 
£, providing protection from charge noise that is similar 
(but even better than) the protection that occurs near 
an energy level anticrossing [18, 27]. 

The existence of the low-lying excited state E(l,2) 
is consistent with magnetospectroscopy measurements 
showing that the right dot has a very small or negative 
singlet-triplet splitting in the two-electron state (data not 
shown). In contrast, the first excited state of the left 
dot is large in energy (approximately 200 peV) [22] and 
therefore can be neglected. This energy level spectrum 
also is consistent with the much shorter T2 for the Ram- 
sey fringes of Fig. 3(e). Because of the large energy gap 
to the (2,1) first excited state, there is no additional an- 
ticrossing in the experimental range e < 0. As shown in 
Fig. 2(f), the energy gap driving the Ramsey interference 
is thus directly proportional to e and to charge noise in- 
duced fluctuations in that quantity. It is thus natural 
that the XJ extracted from the Ramsey fringe data of 
Fig. 3 should be shorter than that derived from the Rabi 
oscillation data of Fig. 2: the Ramsey fringes arise from 
precession of the Bloch vector at a detuning where the 
energy gap is very sensitive to charge fluctuations. 

In summary, we have observed coherent quantum 
charge oscillations in a qubit formed in a Si/SiGe double 
quantum dot. Both Rabi oscillations and Ramsey fringes 
are observed. The coherence time T 2 * for Rabi oscillations 
is maximum away from the charge degeneracy point, be- 
cause of the existence of a low-lying excited state in the 
right-hand quantum dot, demonstrating that the internal 
structure of quantum dots can be exploited to enhance 
coherence. 
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terpreted as representing the official policies, either ex- 
pressly or implied, of the US Government. This research 
utilized NSF-supported shared facilities at the University 
of Wisconsin-Madison. 



SUPPLEMENTARY INFORMATION 

We model the dynamical evolution of the density ma- 
trix p of the three electron, double quantum dot system 
by a master equation [28, 29] 



are given, in the {\a) = |G(2,1)),|6) = |G(l,2)),|c) = 
|£(1,2))} basis, by 



p=--[H,p] + D, 



(2) 



where H is the three-state Hamiltonian and D is a phe- 
nomenological term that describes pure dephasing of the 
charge state under the assumption of Markovian dynam- 
ics, as appropriate for the double dot system. H and D 
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where Ai and A 2 are tunnel coupling matrix elements, e 
is the detuning, Se is the energy separation of the ground 
and excited (1,2) states (|6) and |c)), and and T ac 
are dephasing rates (1/T 2 *) that describe the exponential 
decay of the coherences between different charge states 
of the qubit, presumably caused by charge noise. 

From the data, the dephasing rates show a dependence 
on detuning. Dephasing rates increase away from a mini- 
mum of = 0.48 GHz at detuning e = 0, corresponding 
to the position of the first anticrossing. Similar behav- 
ior of noise in the detuning parameter has been observed 
in GaAs double dot charge qubits with one anticross- 
ing[3,4]. 

We use the T 2 * value of 179 ps at a detuning of —63 peV 
derived from the Ramsey experiment, combined with the 
intrinsic minimum observed in the Rabi oscillations to 
model the dephasing rates. They are given as a quadra- 
ture sum of the intrinsic rate Ti and a detuning depen- 
dent rate aY F \ 



T ab = V r ? + K6 r e )2, 
T ac = \Jr* + (a ac r £ )2, 



(5) 
(6) 



where T £ is a parameter that is determined by experimen- 
tal values of XJ at two values of detuning as described 
above. The variables a a b and a ac play the role of describ- 
ing the relative fluctuations in energy between different 
charge states due to changes in detuning. In terms of the 
slopes of energy versus detuning, they are 
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Eqs. 5 and 6 produce dephasing that decreases as the 
relative slopes of a pair of energy-detuning curves gets 
flatter, and vice versa, as observed in the data. 

Electrical pulses applied to gate L control the detuning 
e as a function of time, and this is modeled as a smooth 
trapezoid with a rise time of 80 ps (from the specifica- 
tions for the Agilent 8 1134 A pulse generator) and pulse 
amplitude of 127 peV. 

The tunable parameters that go into our simulation are 
the values of the tunnel couplings Ai and A 2 , and the en- 
ergy separation Se between the ground and excited (1,2) 
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FIG. 4. Comparison between experimental Rabi oscillation data (panel a) and simulations (rest of panels), (a) Rabi oscillation 
data, (b) Simulation, using optimal values of parameters: Ai/h = 2.7 GHz, A2//1 = 3.5 GHz, 5s = 45 fieV and F £ = 5.98 GHz. 
(c) Simulation, using optimal parameters as in (b), but with only a single anticrossing (a two-state model). It is clear that 
a single anticrossing is insufficient to explain the data. Panels (d) and (e) are simulations with the optimal values of all 
the parameters as in (b), except for the anticrossing separation Se. In (d) and (e), 5s = 60 fieV and 90 fieV, respectively. 
Comparing (b), (d) and (e), it is clear that as the detuning difference Se between the first and the second anticrossings increases, 
the frequency of oscillations at far positive detuning increases as well, (f) Simulated data using optimal parameter values as 
in (b), but with the value of tunnel coupling at the second anticrossing being 1.5 times of the optimal: A2//1 = 5.25 GHz. 
The main features of this simulation are qualitatively similar to (b) , with the correct frequency of oscillations at large positive 
detuning, but with higher visibility. 



charge states. Using Eq. (5), the detuning-dependent 
dephasing parameter T £ is determined by experimentally 
extracted dephasing rates at two detuning values, namely 
the intrinsic dephasing rate I\ = 0.48 GHz at e = 0, and 
the T 2 * value of 179 ps at e = — 63 /ieV, which yields 
T £ = 5.98 GHz. Optimal values of the other parame- 
ters can then be found to give the best fit to the data. 
We found that the optimal values of the parameters that 
give the best fit to the data are: A\/h = 2.7 GHz, 
A 2 /h = 3.5 GHz, and 5s = 45 fieV. 

Here, we briefly explain how the parameters were ob- 
tained. The frequency of oscillation at the first anti- 
crossing at e = is very sensitive to the value of the 
first tunnel coupling and sets the value of Ai, as is con- 
sistent with the usual Rabi dynamics of two-level sys- 
tems. Because the pulse is not entirely abrupt, detuning 
pulses that reach beyond the first anticrossing (that is, to 



e > 0) necessarily induce Landau- Zener-Stuckelberg in- 
terference effects [30-33]. For the energy level structure 
we study here, the presence and proximity of the sec- 
ond anticrossing to the first results in population of both 
G(l,2) and E(l,2), states \b) and \c). The frequency of 
oscillations at far positive detuning is strongly dependent 
on the anticrossing separation fc, and that frequency es- 
sentially fixes Se. In contrast, the tunnel coupling at the 
second anticrossing A2 primarily affects the visibility of 
these oscillations. 

Fig. 4 show a comparison of simulated data using var- 
ious parameters. Panel (a) shows the experimental Rabi 
oscillation data (reproduced from Fig. 2(c) of the main 
text). Panel (b) shows the simulated data using the opti- 
mal parameters, displaying excellent agreement with the 
main features of the data shown in panel (a). 

In order to ascertain whether the oscillations at far 
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positive detuning can be explained by having only one 
anticrossing, simulated data, shown in Panel (c), show 
the result for a two-state model with one anticrossing. 
This simulation with a single anticrossing shows clear 
discrepancies with the data at large positive detuning, 
even though there is a good match at zero detuning. It 
is clear that in order to consistently explain the data — 
especially the prominent nearly parallel lines at e > - 
a single anticrossing is insufficient. 

The frequency of oscillations at far positive detuning 
is affected by the proximity of the second anticrossing to 
the first. Panels (d) and (e) are simulated data using all 
of the optimal values of the parameters, except for the 
anticrossing separation 5e. In panel (b), 5e = 45 /xeV, 
while in panels (d) and (e) Se = 60 /ieV and 90 /ieV 
respectively. Comparing these panels, it is clear that the 
proximity of the second anticrossing plays an important 
role in determining the number of secondary oscillations 
at far positive detuning. 

Finally, panel (f) shows simulated data using the opti- 
mal parameter values, but at 1.5 times the optimal tunnel 
coupling at the second anticrossing: A 2 /h = 5.25 GHz. 
This data is qualitatively similar to the simulation using 
optimal parameters in (b), possessing the same number 
of oscillations at large positive detuning, but with higher 
visibility. We found, over a reasonably wide range of 
values, that A2 affects mainly the visibility of the oscil- 
lations, and it has only a weak affect on the frequency of 
oscillations. This behavior is consistent with the inter- 
pretation of the oscillations arising from Landau- Zener- 
Stuckelberg interference. 
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